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ABSTRACT  
This master thesis deals with the analyzing of high productive reaming 
technology. Reaming tests were carried out at different cutting parameters (vc=40, 60, 
80, 100 m/min; f=0.2, 0.4, 0.6, 0.8 mm) on austenitic stainless steel DIN 1.4404, using 
cermet reamer head MT3. Individual reaming operations were compared with respect to 
the values of estimating parameters such as thrust force, torque moment, surface 
roughness and type of chip formation. The average values and standard deviations of 
cutting parameters were calculated. The relations between analysed variables and 
cutting data were revealed. Diagrams of these relations were constructed as well as the 
equations were quantified. Results show that reaming operations at lower cutting speed 
(40 m/min) and a low feed per revolution (0.2 mm) give a better quality of surface 
roughness (Ra=0.37 µm) and more compressed chip. Also the results show that with the 
increasing of feed thrust force and torque moment are increasing but with the increasing 
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Diplomová práce se zabývá analýzou technologie vysoceproduktivního 
vystružování. V rámci práce byly provedeny testy vystružování za různých 
technologických podmínek (vc=40, 60, 80, 100 m/min; f=0.2, 0.4, 0.6, 0.8 mm) na 
materiálu austenitické oceli DIN 1.4404 při použití vystružovací hlavicí MT3. 
Jednotlivé operace vystružování byly porovnány z hlediska parametrů jako tlačná síla, 
krouticí moment, výsledná drsnost obrobeného povrchu a dále z hlediska tvaru třísky. 
Následně byly vypočítány průměrné hodnoty a směrodatná odchylka naměřených 
parametrů. Dále bylo provedeno porovnání pomocí diagramů. Výsledky ukazují lepší 
kvalitu, nižší drsnost povrchu (Ra 0,37 µm) a méně zdeformovanou třísku při 
pomalejších řezných rychlostech (40 m/min) a menším posuvu na otáčku (0,2 mm). 
Výsledky také ukazují nárůst tlačné síly a krouticího momentu za uvedených 
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INTRODUCTION 
From the end of the 20th century the desire among the manufacturers to design 
better parts while reducing time and cost from the development process has increased. 
Reducing the cost per piece has raised the need to produce the part accurately in one 
pass of machining operation or with a minimum number of secondary operations. In 
spite of the fact that drilling is a common machining operation in the production of a 
hole it is impossible to achieve a high surface quality of drilled hole in one pass. The 
hole making by drilling can provide the dimensional accuracy of the drilled hole till 
IT10 ISO and the roughness of machined surface till Rz80. But if you need to obtain the 
high surface quality of drilled hole till IT5 ISO secondary operations are required.  
With the help of reaming you can produce a precise hole achieving not only high 
surface quality of a hole but also its functional characteristics such as size precision, 
cylindricity and location. But to obtain the production of a precise hole some following 
factors should be taken into account: reamer geometry, cutting conditions, application, 
stock removal, lubrication and the quality of the holes to be reamed (fig. 1) [1]. 
 
Fig. 1 A hole quality as a parameter of various factors. 
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1. REAMING 
1.1. General information 
Reaming is a common machining operation performed in the precise hole 
production. Reaming is an operation that involves finishing a hole that has already been 
roughly drilled. This is an operation from which one expects to obtain a certain level of 
dimensional and geometric quality, as well as a smooth surface condition. This is why 
the emphasis is placed less on productivity, as in the case for other operations, and more 
on quality, process reliability and result repeatability [2].  
We can distinguish the following characteristic properties of reaming existing 
holes: 
 forming, shaping or tapering of the holes, 
 holes enlarging, 
 holes smoothing, 
 accurately sizing holes to tight tolerances. 
 All these characteristics can be obtained using the rotary tool, the reamer, 
which makes a light cut when finishing a hole. 
 The quality of the hole depends on reamer geometry, cutting conditions, 
application, stock removal, lubrication and the quality of the holes to be reamed. 
Reaming is a finishing operation, which normally follows drilling or core drilling. Since 
stock removal is small and must be uniform in reaming, the starting holes (drilled or 
otherwise produced) must have relatively good roundness, straightness, and surface 
finish. Reamers tend to follow the existing centerline of the hole being reamed. If 
insufficient stock removal is left in the hole before reaming, the reamer can wear faster 
than normally and result in loss of diameter accuracy [1].  
 There are two main advantages that reaming has over most other machining 
processes: 
1) the long tool life because of the fact that only one tool is needed to ream a large 
number of holes; 
2) machining can be performed with almost all machine tools having a rotating 
spindle [3]. 
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In general applications, the average surface roughness for reaming is expected to 
be in range between 0.8 µm and 3.2 µm but high-accuracy reaming can produce average 
surface roughness as low as 0.4 µm [1]. 
Using reaming as a finishing operation several factors have to be taken into 
account. First of all the appropriate reamer should be selected to perform the operation. 
Also, it is necessary that the reamer be compatible with the machine in which it will be 
used. Finally all following factors must be considered as well:  
a) composition and hardness of workpiece,  
b) hole length,  
c) diameter and configuration,  
d) type of fixturing (when used),  
e) amount of stock removed,  
f) accuracy and requirements for finish,  
g) production quantity,  
h) initial cost,  
i) maintenance cost, 
j) salvage value [3].  
 
1.2. Classification of reamers 
Reamer - a rotary cutting tool with one or more cutting elements, used for 
enlarging to size and contour a previously formed hole. Its principal support during the 
cutting action is obtained from the workpiece [4]. 
General classifications 
I. Classification based on configuration: 
1. solid reamers - those made of one piece of tool material; 
2. tipped solid reamers - those which have a body of one material with cutting 
edges of another material brazed or otherwise bonded in place; 
3. inserted blade reamers - those which have replaceable mechanically retained 
blades, these blades may be solid or tipped and are usually adjustable; 
4. expansion reamers - those whose size may be increased by deflecting or 
bending segments of the reamer body; 
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5. adjustable reamers - those whose size may changed by sliding, or otherwise 
moving, the blades toward or away from the reamer axis [4].  
II. Classification based on method of holding, or driving 
1. hand reamers – those which are ordinarily used by hand, a driving square is 
provided by at the end of the shank, the cutting end is provided with a starting 
taper for easy entry; 
2. machine reamer – those having shanks suitable for mounting in machines; 
3. shell reamers – machine reamers mountable on arbors specifically designed 
for the purpose, called “shell reamer arbor” [4].  
 Explanation of the “hand” of reamers 
The terms “right hand” and “left hand” are used to describe both direction of rotation 
and direction or flute helix or reamers [4]. 
A) hand of rotation (or hand of cut) 
1. right hand rotation (or right hand cut) - the counterclockwise rotation of a 
reamer revolving so as to make a cut when viewed from the cutting end; 
2. left hand rotation (or left hand cut) - the clockwise rotation of a reamer 
revolving so as to make a cut when viewed from the cutting end. 
 Special case - pull reamers are considered to be right hand cut if, when viewed 
from the cutting end, they must be rotated in a clockwise direction to cut [4].  
B)  hand of flute helix  
Reamers with their cutting edges in planes parallel to the reamer axes are 
described as having “straight flutes”. Reamers with every other flute of opposite (right 
and left hand) helix are called “alternate helix reamers”. Reamers with flute helix in one 
direction only are described as having right hand or left hand helix:  
1. a reamer has a right hand helix when the flutes twist away from the observer 
in a clockwise direction when viewed from either end of the reamer; 
2. a reamer has a left hand helix when the flutes twist away from the observer in 
a counterclockwise direction when viewed from either end of the reamer [4]. 
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Adjustable Tool holder allows adjustment 
of the reamer diameter to 
compensate for tool wear, etc. 
High-rate production 
End-cutting Cutting edges are at right angles 
to the tool axis  
Finish blind holes, correct 
deviations in through-holes 
Floating blade Replaceable and adjustable 
cutting edges to maintain tight 
tolerances  
High-speed production 
(workpiece rotated, tool 
stationary) 
Gun Hollow shank with a cutting 
edge (e.g. carbide) fastened to 
the end and cutting fluid fed 
through the stem 
High-speed production 
(workpiece rotated, tool 
stationary) 
Shell Two-piece assemblies, mounted 
on arbors, can be adjusted to 
compensate for wear 
Used for finishing operation 
(workpiece rotated, tool 
stationary) 
Spiral flute Flutes in a helix pattern, 
otherwise as straight-flute 
reamer 
Difficult to ream materials, and 
holes with irregularities 
Straight flute Flutes parallel to the tool axis, 
typically pointed with a 45˚ 
chamfer 
General-purpose, solid reamer 
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1.3. Reamer geometry 
The reamer type and geometry has a profound effect on the dimensional size, 
surface finish, and dimensional accuracy of the reamed hole. The quality of the cutting 
edge of the reamer influences the roughness of the machined surface. Reamer geometry 
varies very widely, reamers can have different amount of flutes, spiral or straight, left or 
right hand cut, reamers can have straight shank or Morse taper shank. 
Most reamers have two or more flutes, either parallel to the tool axis or in a helix, 
which provide teeth for cutting and grooves for chip removal. The selection of the 
number of flutes is critical: a reamer with too many flutes may become clogged with 
chips, while a reamer with too few flutes is likely to chatter [5].  
Reamer has from 6 till 16 teeth, which are distributed irregularly around the 
circumference, what provides a higher quality surface finish. 
 Design of the reamer is very important and it has a significant effect on the 
result of the holemaking operation. A reamer might cut oversize holes and have a short 
life if its lips are not uniform; higher pressure is required to feed the reamer through the 
work material if its helix angle is higher; a reamer cuts more freely and requires less 
power if it is a right hand helix reamer; a reamer can produce a good surface finish and 
geometrical accuracy if its number of teeth is as large as possible. Also, a reamer might 
result in chatterless reaming and better surface finish if its teeth are unevenly spaced [6].  
 Generally reamers are made of high speed tool steel, but also solid carbide 
reamers or carbide tipped reamers exist. There is a noticeable difference in the geometry 
of reamer made of the high-speed steel and reamer made of the cermet. Fig. 1.1 and 
fig. 1.2 represents the geometry of HSS reamer and carbide reamer correspondingly. 
 
Fig. 1.1 HSS reamer geometry [7]. 
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Fig. 1.2 Carbide reamer geometry [7]. 
Each type of reamers has its own application and characteristics.  
An adjustable hand reamer can cover a small range of sizes. They are generally 
referenced by a letter which equates to a size range. The blades slide along a tapered 
groove. Blades can be replaced as sets. The act of respectively tightening and loosening 
the restraining nuts at each end varies the size that may be cut. The absence of any spiral 
in the flutes restricts them to light usage (minimal material removal per setting) as they 
have a tendency to chatter [8].  
Hand reamers are held in a tapping wrench to manually finish a hole to a neater 
finish. 
They are similar to a chucking reamer however the hand reamer has a greater lead 
to start the hole and a square drive on the shank [8]. 
Chucking reamers are to be used in a drill chuck or collet for a machining 
application usually to secure dowel pins or create a sliding fit, etc. The chuck reamer 
has only a short lead at the start. Chucking reamers are preferred by toolmaking, the 
shank is parallel [8]. 
A machine reamer only has a very slight lead in to start. Because the machine 
reamer and work piece are pre-aligned by the machine there is no risk of it wandering 
off course. In addition the constant cutting force that can be applied by the machine 
ensures that the machine reamer starts cutting immediately. Spiral flutes are essential on 
a machine reamer to clear the swarf automatically. Machine reamers can have a Morse 
Taper shank [8].  There is a great variety of machine reamers (fig. 1.3 - fig. 1.6). 
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Fig. 1.3 Machine reamer with carbide cutting edges with straight shank [9]. 
 
Fig. 1.4 Machine reamer with carbide cutting edges with Morse taper shank with 
extended head length [9]. 
 
Fig. 1.5 Solid carbide machine reamer with straight shank [9]. 
 
Fig. 1.6 Solid carbide machine reamer with straight shank, left hand fluted, coated [9]. 
As it was mentioned earlier the reamer type and geometry has a profound effect 
on the final precision of reamed hole, but also another factors must be considered. 
 
1.4. Reaming problems 
Reasons influencing final precision of reamed hole [9].  
1. Inappropriately pre-bored hole before reaming can influence: 
a) final precision of the reaming; 
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b) tool life, quality of the reamed surface of the hole and geometry in general. 
To avoid this, basic principles must be kept: 
a) even and optimal addition of material for the process of reaming;  
b) roundness and straightness of the pre-bored hole; 
c)  the pre-worked hole must be coaxial and parallel to the axis of the machine-
spindle when reaming (if not, the tool can be damaged). 
The best results are reached when pre-boring the hole with single-cutting lip bore 
open tool. 
2. Cutting and cooling liquid influences the quality of the surface and the real 
diameter of the reamed hole. 
a) Cutting oil (not water diluted): 
- increases the real diameter of the hole about 0,01 mm, 
- improves life of cutting lips, 
- deteriorates quality of the surface. 
b) Emulsion oils (water diluted, concentration 3 till 10%): 
- improves quality of the surface, 
- decreases the diameter of the hole about 0,01 mm, 
- reduces the life of cutting lips on less oil concentration. 
c) Adequate quantity and pressure of the cooling liquid. 
In these cases it is necessary to tune the optimal size according to the material, 
cooling liquid, way of chucking and other conditions. 
3. Cutting conditions  
There are two main general rules: 
a) increasing the cutting speed and the feed can lead to enlarging of the diameter 
of the hole and the geometrical precision deteriorates;  
b) reduction of the cutting speed improves the final geometrical accuracy of the 
reamed hole, quality of the surface and tool life. 
4.  Inappropriately chucked work piece 
Some internal tension can be created in chuck work piece. Despite the fact that the 
exact reaming of the hole is performed, the deformation of the hole appears after 
releasing of the work piece. This problem can be solved by measuring the pre-bored 
hole in the chucked and then in the released condition. The final differences are result of 
deformation of the work piece during chucking.  
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5. Geometry of the reamer cutting lips and its material  
For universal reaming is used standard geometry and solid carbide K10. In special 
cases the geometry of the reamer cutting lips and their quality must be adjusted to given 
conditions. 
6. Incorrect cutting of the reamed material  
a) excessive hardness of the cut material, 
b)   inappropriate material for reaming. 
7. Low stiffness of the “machine-tool-work piece” system 
Results: 
a)   rise of resonance oscillation, 
b) faulty geometry, 
c)   low quality of the surface. 
8. Beat defect of the tool 
a) wrong chucking factors, 
b)  excessive wearing out of the bearing. 
Other problems during reaming can appear when the cutting lips are: 
a) abnormally blunted, 
b)   incorrectly ground. 
Also excessive use of guide beads can cause problems. 
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Tab. 1.2 Solution for Reaming Problems [10]. 
FAULT CAUSE REMEDY 
Bore too large Reamer too big Controlling the reamer diameter 
Alignment reamer to machine 
not precise 
Correct alignment or use 
compensation holder 
Built up edge Correct cutting speed and feed, 
use another coolant 
Unsuitable coolant Use another coolant 
Reamer is not running true Use compensation holder 
Depth of cut too small Correct depth of cut 
Bore too small Worn reamer Expand, regrind or replace reamer 
Wrong coolant Use another coolant 
Depth of cut too small Increase cutting depth 
Deformation through fixation 
of the work piece Correct fixation of the work piece 
Surface quality 
unsatisfactory 
Cutting edges blunt Regrind correctly 
Reamer does not run true Correct concentricity or use 
compensation holder 
Wrong machining data Check back on data as instructed 
Bad chip flow (insufficient 
coolant) 
Use tool with internal coolant 
supply, supply proper coolant 
with strong jet 
Papered bore Faulty alignment Correct alignment or use 
compensation holder 
Built up edge Correct cutting speed and feed, 
use another coolant 
Bore not true, 
shows chatter 
marks 
Concentricity an alignment 
error too large 
Correct concentricity and 
alignment, or compensation 
holder 
Wrong cutting geometry Use face cutting reamer 
Deformation through fixation 
of the work piece Correct fixation of the work piece 
Feed marks in 
bore 
Cutting edges fragment Regrind or replace reamer 
Built up edge Correct cutting data 
Reamer jams Reamer taper too slight 
because of wear relieving 
Regrinding with adequate reamer 
taper 
Circular land too wide Make a relief grind as instructed 
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1.5. Reamer materials 
Reamers typically are made from high-speed steel (HSS) and solid carbide (SC), 
or they are carbide-tipped (CT) with an alloy steel body, also reamers can be made from 
cermet [11]. 
HSS reamers, with a cutting-edge hardness between Rc63 and Rc67, are best 
suited for short runs in nonferrous materials [11]. 
High speed steel maintains its hardness till the temperatures of 600-650˚C and can 
operate with the cutting speed of 60-65 m/min. It is possible to achieve very high 
hardness of 62-68HRC after quenching. High speed steel is basically alloy steel with 
high content of alloying elements: tungsten, molybdenum, chromium, vanadium, 
cobalt [12]. The alloying elements influence the steel microstructure and change its 
properties (tab. 1.3). 
Tab. 1.3 Effects of alloying elements [12]. 
Alloying element increases decreases 
Carbon (C) wear resistance tenacity 
Manganese (Mn) depth of hardening,  
tendency to overheating 
hardening rate 
Silicium (Si) strength at high temperatures  
Chromium (Cr) strength, hardenability  deformation, hardening 
rate 
Nickel (Ni)  strength at high temperatures, 
tenacity 
hardness, hardening rate 
Molybdenum (Mo) cutting ability, wear resistance  
Vanadium  (V) grain fineness hardness at tempering 
Tungsten (W) grain fineness, cutting ability 
at high temperatures 
 
Cobalt (Co) hardening rate, stability 
and hot hardness 
 
SC reamers have cutting-edge hardness of Rc77 to Rc81, and work well for small 
diameters. These reamers exhibit better wear properties than HSS tools, and are 
extremely rigid. However, solid carbide is brittle, and that can lead to chipping or 
breakage if misused or mishandled [11]. The structure of solid carbide contains the solid 
solution of tungsten carbide (CW), titanium carbide (TiC), tantalum carbide (TaC) and 
cobalt bond (Co) [12]. Tab. 1.4 represents the properties of the components stated 
above. 
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Tab. 1.4 The properties of solid carbide structure components [12].  
COMPONENT PROPERTIES 
Carbide (CW) affects hardness, wear resistance and chemical resistance 
Titanium carbide (TiC) very hard, increases hardness and strength at high 
temperatures 
Tantalum carbide (TaC) soften the structure and thus the resistance to abrasion and 
oxidation 
Cobalt (Co) creates tough connection between the carbide crystals, 
increases tenacity and strength 
Carbide-tipped reamers excel in close-tolerance work. Typically, a carbide tip is 
brazed to a tough, hardened alloy-steel body. The exception is for expansion reamers, 
for which tool bodies are not hardened. CT reamers stand up to abrasive and tough 
materials and handle high-production runs. Because carbide is highly wear resistant, CT 
reamers maintain accurate hole sizes and smooth finishes longer than HSS tools. In 
addition, total cost per reamed hole usually is lower with CT reamers because of higher 
speeds and feeds, consistent quality and longer tool life [11]. 
Cermet reamers are made of cermet material which has ceramic-metal character. 
Cermet structure can consist of titanium carbide (TiC), titanium carbonitride (TiCN), 
titanium nitride (TiN), tungsten carbide (WC) and cobalt (Co), nickel (Ni) and other 
metals such as Ti, Ta, W, Mo, etc. It is difficult to relate cermet to cemented carbide 
that is why cermet is assumed to be a certain type of materials. The application field of 
cermet is between cemented carbide and ceramics [12].  
Benefits of cermet: 
1) high wear resistance 
2) high chemical stability and hot hardness, 
3) small tendency to build-up formation, 
4) small tendency to oxidative wear, 
5) less diffusion wear in comparison with  cemented carbide, 
6) low specific density, 
7) very low friction coefficient concerning cermet – metal connection[12]. 
Choosing the best type of reamer for a specific application depends on workpiece 
material, its condition and hardness, the number of holes to be finished, tolerance and 
finish requirements and tool cost [12]. 
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Coatings on reamers form a thermally insulating barrier on the tool to transfer heat 
from the tool surface back into the chip, thus protecting the tool substrate and making it 
last long [11]. 
Abrasion from the chip flow, combined with microscopic roughness of the tool 
surface, wear the substrate and dull the cutting edge during normal operations. The high 
hardness, lower friction coefficient and reduced surface roughness of coatings allow the 
chip to flow off the surface of the tool. This reduces edge build-up and wear for 
increased tool life [11]. 
Heat, pressure, coolant and workpiece material all add to the chemically reactive 
forces present at the cutting edge. When reactive elements are brought together under 
these conditions, an uncoated tool will degrade. Coatings protect the tool substrate from 
exposure to these reactive forces, stabilizing the cutting edge even under the harshest 
conditions [11]. The most common coatings are pointed in the tab. 1.5. 
Tab. 1.5 The most common reamer coatings [11]. 
Coating Properties Effects  
Titanium nitride 
(TiN) 
gold colour, good lubricity, 
high adhesion and ductility 
qualities, excellent wear 
resistance (hardness from Rc80 
to Rc85), thermal stability (to 
1100 degrees F), and the low 
coefficient of friction 
Reduces edge build-up and 
improves thermal transfer of 
heat away from the tool. 
Reaming with TiN-coated tools 
should be restricted to shallow 
holes — 2.5 times tool 
diameter — and to applications 





blue-gray in colour, hardness 
Rc 90, smooth finish, that 
offers improved wear and 
build-up edge resistance; good 
adhesion, toughness and 
resistance to chipping; performs 
well on reamers when moderate 
temperatures are generated at 
the cutting edge — up to 800 
degrees F 
TiCN works for reaming cast 
irons, high-silicon aluminium 
alloys, copper and all abrasive 
materials. Because of the 
relatively low oxidation 
temperature of TiCN, coolant 
must be correctly applied to 
control the temperature at the 
cutting edge to prevent 
premature wear of the coated 
surface. 
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1.6. The cutting parameters of a reamer 
The cutting parameters of a reamer have influence on productivity. The higher 
cutting parameters the higher productivity what leads to the time and cost saving in 
production [2]. 
The cutting parameters of a reamer are the following: 
d1 - reaming diameter [mm], 
ap– cutting depth [mm], 
vc - cutting speed [m/min], 
f - feed per rotation [mm], 




 .                                       (1.6.1) 
The performance parameters: 
vf- feed rate [mm/min] [2]. 
       v  f · n.                        (1.6.2) 
Fig. 1.7 shows the cutting parameters of a reamer. 
 
Fig. 1.7. The cutting parameters of a reamer [2]. 
Cutting speed 
The most efficient cutting speed for machine reaming depends on the type of 
material being reamed, the amount of stock to be removed, the tool material being used, 
the finish required, and the rigidity of the setup. A good starting point, when machine 
reaming, is to use one-third to one-half of the cutting speed used for drilling the same 
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materials [13]. Cutting speeds for reaming with a HSS reamer depending on the reamed 
material can be seen in tab. 1.6.  
Tab. 1.6 Cutting speeds for reaming with a HSS reamer [13]. 
Reamed material Cutting speed 
Aluminium and its alloys 130-200 
Brass 130-200 





Steel Low carbon 50-70 
Medium carbon 40-50 




AISI 302 15-30 
AISI 403 20-50 
AISI 416 30-60 
AISI 430 30-50 
AISI 443 15-30 
Feed 
Feeds in reaming are usually two to three times greater than those used for 
drilling. The amount of feed may vary with different materials. Too low feed may 
“glaze” the hole, which has the result of work hardening the material, causing 
occasional chatter and excessive wear on the reamer. Too high feed tends to reduce the 
accuracy of the hole and the quality of the surface finish. Generally, it is best to use as 
high a feed as possible to produce the required finish and accuracy [13]. 
Stock to be removed 
For the same reason, insufficient stock for reaming may result in a burnishing 
rather than a cutting action. It is very difficult to generalize, as it is closely tied with the 
type of material, the finish required, depth of hole, and chip capacity of the reamer. For 
machine reaming 0.20mm for a 6mm hole, 0.30mm for a 12mm hole, and 0.50mm for a 
50mm hole, would be a typical starting point. For hand reaming, stock allowances are 
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much smaller, partly because of the difficulty in hand forcing the reamer through greater 
stock [8]. 
Chatter 
The presence of chatter while reaming has a very bad effect on reamer life and on 
the finish of the hole. Chatter may be the result of several causes, some of which are 
listed: 
1) excessive speed, 
2) too much clearance on reamer, 
3) lack of rigidity in jig or machine, 
4) insecure holding of work, 
5) excessive overhang of reamer in spindle, 
6) excessive looseness in floating holder, 
7) too light a feed. 
Correcting the cause can materially increase both reamer life and the quality of the 
reamed holes [8]. 
 
1.7. Cutting forces in reaming 
The forces acting on the reamer during the reamer operation can be conveniently 
resolved into the feed force Ff1, cutting force Fc1 and passive force Fp1 (fig. 1.8). The 
passive force Fp1cancels out in good reamers. It is taken care of by the rigidity of the 
workpiece and the reamer. The cutting force Fc1constitutes the torque moment Mc, and 
the feed force Ff1constitutes the axial thrust acting on the reamer. The actual values of 
torque moment and thrust force on the reamer are very small, and are hardly ever 
calculated. The performance of a reamer, the effect of its geometry and the role of 
cutting fluids, etc., can be conveniently evaluated by measuring the forces with the help 
of dynamometer [14].  
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Fig.1.8 Cutting forces in reaming [15]. 
The pass represents the amount of material that must be taken by the reamer. The 
dimensions of the cross section are shown in fig. 1.9. 
  
Fig. 1.9 Cross section of the chip during the reaming [15]. 
d1 – reamer diameter [mm], 
d2 – diameter of hole before reaming [mm],  
ap– cutting depth [mm], 
b – capture width [mm], 
h – chip thickness [mm], 
fz – chip load [mm], 
θ – plan angle [˚]. 
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The cutting depth can be expressed as: 
     ap=  


 .                 (1.7.1) 
The chip load is the ration of feed to the number of reamer cutting teeth: 
     fz = 


 .                          (1.7.2) 
The capture width and chip thickness can be expressed as: 






 ,                     (1.7.3) 






                                   
(1.7.4)
 
The nominal chip cross-section Ac can be expressed as:    
   Ac = h ∙ b =  








                  (1.7.5) 
or  






 .            (1.7.6) 
The cutting force Fc1 and the torque moment Mc can be calculated by using the 
concept of specific cutting force. This can be defined as the force required to remove a 
unit cross-section of material. [14] The cutting force Fc1 is given by the equation: 
      Fc1= kc ∙ Ac ,                                    (1.7.7) 
where kc– specific cutting force [N/mm2], 
Ac – cross-section of the chip removed [mm2]. 
The torque moment Mc is given by the equation: 
     Mc= Fc1 ∙ ra,                                    (1.7.8) 
where ra– average radius at which the reamer is cutting, considering the allowance left 
for reaming [mm]. 
The average radius can be expressed as: 















.                  (1.7.9) 
The final expression for reaming torque moment is following: 



















.          (1.7.10) 
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2. CUTTING FLUIDS 
2.1. General information 
Nowadays the main goal of all general machining operations which content the 
removal of material using the cutting tool is increasing the productivity and reducing the 
costs. To achieve this goal the machining operation must be performed taking into 
account the following factors:  
• the downtime has to be minimal in order to produce the desired operation in 
shortest time; 
• the cutting parameters must be chosen optimally, the cutting speed should be as 
high as possible;  
• the longest life time of the cutting tool is to be ensured; 
• the rejects have to be winded down; 
• the surfaces of satisfactory accuracy and finish should be produced. 
The use of cutting fluids and their proper selection can help to meet all these 
conditions and requirements. 
There is a wide variety of cutting fluids available today. Many new coolants have 
been developed to meet the needs of new materials, new cutting tools, and new coatings 
on cutting tools [15]. 
A lot of machining operations can be performed dry, but the suitable application 
of a cutting fluid makes it possible:  
• to increase the cutting speed,  
• to raise the feed rate,  
• to extend the depth of cut,  
• to prolong the tool life,  
• to decrease the roughness of machined surface,  
• to increase the dimensional accuracy of machined surface, 
• to reduce the consumption of power.  
Selecting the proper cutting fluid for a specific machining situation requires 
knowledge of fluid functions, properties, and limitations. Cutting fluid selection 
deserves as much attention as the choice of machine tool, tooling, speeds, and 
feeds [16]. 
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2.2. Functions of cutting fluids 
The main function of cutting fluid is lubricating. 
When two solid surfaces interact, relative motion of the surfaces creates a force 
resistant to the motion - friction - which causes wear. Friction itself, as a rule, is 
undesirable because it results in disproportionate energy consumption. Wear is also 
normally undesirable, as it results in the loss of both material and energy, although wear 
is an essential part of machining processes [17]. 
Friction occurs at the friction (tribological) unit, which can comprise two, three or 
four elements (two friction surfaces, two friction surfaces plus an intermediate layer 
such as a lubricant, or these together with the environment of the unit, such as air, inert 
gas, high vacuum, radiation, etc.). These elements can affect each other they can interact 
at different levels - mechanical, thermal and chemical. The properties of a lubricant may 
also change with time, independently of what may be occurring in the other 
elements [17]. 
When solid surfaces come directly into contact, adhesive, abrasive and vibratory 
wear (fretting corrosion) may occur, also wear due to fatigue or plastic deformation 
(creep). The contact of a solid and a liquid can produce wear from corrosion, erosion 
and cavitation, whilst contact between a solid and a gas or vapor can cause corrosive or 
erosive wear [17]. 
When two surfaces slide past one another without lubrication, uneven points on 
the surfaces will rub against each other (fig. 2.1 A).This means that either the material 
will be heated by friction or that pieces will be worn free from the surfaces. The 
lubricating properties of the cutting fluid reduce the wear between the workpiece and 
the tool by separating the surfaces from one another (fig. 2.1 B) [18]. 
 
Fig. 2.1 Surfaces sliding past one another without (A) and with (B) lubrication [18]. 
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Lubrication reduces both friction and wear. The lubricant is designed to act to 
prevent direct contact between surfaces in relative mutual motion, and thus reduce both 
the frictional force between these surfaces and wear. However, in addition to this 
primary function, the lubricant is also required to remove contaminants from the friction 
surfaces and to protect the metal surfaces from corrosion. In particular cases, the 
lubricant must act as electrical insulant, perform as a medium for the transfer of force 
and as behave as a shock absorber [17]. 
Another no less important function of cutting fluid is cooling. 
Machining operations create heat. This heat must be removed from the process. 
The chip helps carry away heat from the tool and work piece. Coolant takes heat from 
the chips tool, and work piece. To be effective the fluid must be able to transfer heat 
very rapidly. The fluid absorbs the heat and carries it away [15]. 
High temperatures are generated in the metal cutting zones and high friction 
forces arise at the point of contact between the tool and the workpiece. In many cases 
this would lead to unacceptable results if the machining was earned out without cutting 
fluid, which cools the tool pads [18]. 
The energy which must be supplied to deform the metal when forming chips 
causes high temperatures in the cutting zone. Tool wear is very much affected by the 
temperature, and efficient cooling is important in order to extend the life of the tool 
edge and pads [18]. 
Also cutting fluid transports chips away from the cutting area. 
The machined surface must not be damaged by chips and other particles which 
break free during the machining process. Therefore the cutting fluid is used to remove 
this material in an efficient way. This is particularly important when chips and particles 
can otherwise become embedded in the machined surface by the pressure of the tool's 
support pads. Chip forming is facilitated in certain materials by using a drilling system 
which produces a high cutting fluid pressure. In a similar way, high cutting fluid 
pressure can mean that the formation of large built-up edges is avoided [18]. 
The cutting fluid then, performs the following functions with reaming: 
• lubricates the surfaces thus increases the service life of the tool’s support pads 
and the cutting edges; 
• cools the reamer thereby increasing its resistance to wear; 
• flush away the chips from the cutting zone; 
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• facilitates chipbreaking in certain materials; 
• prevents the welding or adhesion thereby the formation of the build-up edge;  
• protecting the workpiece and tool from corrosion [18]. 
Tab. 2.1 represents the main benefits of using the coolants. 
Tab.2.1 The main benefits of using coolants [15]. 
Benefits Detailed Description 
Improving the 
quality of part 
The use of cutting fluids reduces friction and heat. The removal 
of the heat prevents the work piece from expanding during the 
machining operation, which would cause size variation as well as 
damage to the material’s microstructure. 
Reducing the 
tooling costs 
Proper use of cutting fluids increases tool life, which reduces the 
tooling costs. Increased tool life also reduces tool changes and 




Cutting fluids reduce friction and heating a machining operation. 
This allows high speeds and feeds to be used to achieve optimal 
cutting conditions. 
Improving the  
Surface Finishes 
Effective use of cutting fluids helps remove the chips. This 
prevents the chip from being caught between the tool and work 




Bacteria can drastically affect cutting oils. Bacteria growth can 
turn a cutting fluid rancid. Additives in coolants help reduce the 





Cutting fluids should protect the tooling, machine, and work 
piece against rust and corrosion. Cutting fluids should leave a 




Cutting fluids prevent the welding of workpiece material onto the 
tool. Pressure of the workpiece against the tool and the heat and 
temperatures involved contribute to the buildup of workpiece 
material on the tool. Cutting fluids provide an antiweld film to 
discourage this. 
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2.3. Types of cutting fluids 
Modern cutting fluids or in other words lubricants can be divided into two main 
groups: 
• neat cutting oils, 
• water-soluble cutting fluids. 
In order to have good cooling properties the cutting fluid must have a high 
temperature diffusion capacity. Water meets this requirement but has poor lubricating 
properties and it also reacts corrosively with ferrous metals. On the other hand, neat 
cutting oil has good lubricating properties and forms good protection against corrosion. 
However, the oil's low heat conductivity and specific heat means that its cooling 
properties are poor [18]. 
Cutting fluids most often the product of petroleum chemistry - may be classified 
by their physical state and chemical composition. 
In terms of physical state, they may be divided into: 
• liquid (the most important),  
• gaseous ,  
• plastic, 
• solid lubricants [17]. 
The good cooling properties of water have been utilized by the development of 
various water-soluble cutting fluids. These can be divided into: 
• oil emulsions, 
• synthetic or chemical cutting fluids. 
The use of oil emulsions is the traditional way of combining the cooling 
properties of water with the lubricating and corrosion-protecting properties of oil. To 
call a cutting fluid water-soluble is a modification of the truth since oil is not soluble in 
water. The oil is dispersed as small drops in the fluid and is stabilized by means of 
additives known as emulsifiers [18]. 
Synthetics contain no oil but consist of glycols, for example, which are emulsified 
or dissolved in water. These are transparent and provide a good opportunity to see the 
operation compared with when oil emulsions, which have a milky appearance, are used. 
By mixing a small quantity of emulsified oil with a synthetic cutting fluid, a semi-
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synthetic fluid is obtained, where the advantages of synthetics are combined with the 
substantially better lubricating properties of oil emulsion [18]. 
Each type of cutting fluids deserves attention, the view of fluids functions, 
properties, and application is outlined further. 
Water-soluble cutting oils are supplied as concentrates and the user must prepare 
the oil emulsion by mixing the concentrate with water. When using oil emulsions, the 
lubricating and corrosion protecting properties of the oil are combined with the cooling 
property of water [18].  
Synthetic cutting fluids contain no mineral oil. The use of synthetic cutting fluids 
has economic advantages over oil based fluids and offers quick heat dissipation, 
cleaning properties, simple preparation and provides good protection against rust. In 
addition they are transparent, which helps the operator to monitor the operation. With 
difficult operations the lubricating properties may possibly be insufficient, which can 
cause sticking and/or wear to the sliding surfaces [18]. 
Cutting oils have good lubricating properties and provide good protection against 
corrosion but do not provide such good cooling as water-based cutting fluids. Neat 
cutting oils, that are oils which are not mixed with water, can be divided into the follo-
wing main groups: 
• mineral oils, 
• fatty oils, 
• mixtures based on mineral oil and fatty oil, 
• EP (extreme pressure) oils. 
Fatty oils are based on animal or vegetable fats, for instance, colza oil. They are 
fatty and give very good lubrication but offer poor resistance to welding. Fatty oils are 
expensive and difficult to obtain [18]. 
Mineral oil is used either neat or mixed. Neat mineral oil has very good lubri-
cating properties and provides very good protection against corrosion. Because its 
cooling properties are not so effective, mineral oil is primarily used for lighter 
machining, for instance, in brass, cast-iron and light alloys [18]. 
In applications where the cutting forces are high, the cutting fluid must provide 
lubrication even when there is great pressure between the sliding surfaces. In order to 
cope with this, cutting oils with EP additives are used for difficult machining [18]. 
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Gaseous lubricants are used in a limited area of application, although their 
importance is growing. They may be classified into oxygenated and oxygen-free 
lubricants. The common process fluids (steam, turbine flue gas) have recently been 
added to this category [17]. The gas is also using as cooling and lubricating medium. 
The gas is applied at high pressure and evacuates chips and other particles. Air is the 
most common gas used but carbon dioxide and liquid argon and nitrogen are also to be 
found [18].  
Plastic lubricants are colloidal systems based on a solution or dispersion of a 
thickener, which may be (but is not necessarily) a soap in a viscous medium [17]. 
Solid lubricants may be either inorganic or organic and, structurally, lamellar and 
amorphous. Their function is to reduce dry friction [17]. These are generally applied 
directly to the work piece or tool. Waxes, pastes, soaps, graphite, and molybdenum 
disulfide may be used. 
 
2.4. Method of cutting fluid supply 
Method of cutting fluid supply affects the parameters of machining process, 
especially tool wear resistance and the quality of machined surface. Some following 
methods of cutting fluid supply are distinguished: 
1) Standard cooling. This method of cutting fluid supply does not require any 
adjustment pipes; standard integral equipment of the machine is enough. The device for 
this type of cooling concludes the reservoir for cutting fluid, pump and divorce 
pipe. The quantity of supplied coolant depends on the pump type and the type and the 
type of line shutdown: tap or valve [19]. 
2) Pressure cooling. The cutting fluid is supplied to the tool zone under high 
pressure. The outlet nozzle is about 0.3-1.0 mm, pressure is 3-20 MPa. Cutting fluid is 
supplied to the cutting tool from the bottom, directly to the cutting edge. This cooling 
method is suitable when the heat has unfavorable effect on the tool life. The quantity of 
supplied coolant is about 0.5-2.0 liters per minute. One of the drawbacks of this method 
is that the cutting fluid splashes, creates haze that is why it is necessary to close working 
space of the machine to prevent the dirtying of working environment [19]. 
3) Internal cooling. This method of cutting fluid supply brings a significant 
increasing of machining process productivity and efficiency. This method allows to 
 FME BUT DIPLOMA WORK  Page  35 
 
raise the cutting speeds of 5 to 20%.  This cooling method is used for deep hole drilling 
and drilling of difficult machined materials. The higher pressure of supplied coolant (6-
8 MPa) to the cutting tool the more machining process productivity and efficiency and 
eventually the better chip formation [19]. 
 
2.5. Choice of cutting fluid 
The choice of cutting fluid depends on the machining operation, workpiece 
material, tool material and cutting data. Generally the cutting fluid with better 
lubrication properties should be chosen at low speeds, when a better surface finish is 
required and in difficult-to-machine materials. In easy-to-machine materials and high 
speeds the cutting fluid good cooling properties should be chosen. For satisfactory chip 
breaking and chip evacuation it is also important that the recommended values with 
respect to the tank volume, pressure and flow are followed [18]. 
The choice of cutting fluid is dictated by the machining operation, the workpiece 
material, the tool material and the cutting data. 
Generally, better lubrication should be sought with: 
• low speeds, 
• difficult-to-machine materials, 
• difficult operations, 
• demands for a better surface texture. 
Improved cooling should be chosen for: 
• high speeds, 
• easy-to-machine materials, 
• simple operations, 
• problems with edge build-up. 
In addition to the lubrication and cooling properties, it must also be borne in mind 
when choosing a cutting fluid that the environment should not be affected. The cutting 
fluid must not cause rust or corrosion to the work-piece but should rather protect the 
material. The machine must not be damaged and the cutting fluid must not constitute a 
health risk for the operator. Water-soluble cutting fluids should be compatible with the 
water that is used [18].  
 
 FME BUT DIPLOMA WORK  Page  36 
 
3. MECHANISM OF CHIP FORMATION 
3.1. General information 
First of all the machining process is a process of intensive plastic deformation 
along the tangential stress plane. During chip formation the machined material passes 
very quickly the limiting state of: 
- plastic deformation,  
- elastic stress, 
- material particles removal by fracture [19].  
Taking into account the high rate of deformation these three physical mechanisms 
run very quickly that is why the chip is removed instantly [19]. 
Also the machining process is a process of gradual removal of excess material 
from the preformed blanks in the form of chips [20].  
Chips are formed during the machining of work pieces. The side of the chip in 
contact with the cutting tool is normally shiny, flat and smooth while the other side, 
which is the free work piece surface, is jagged due to shear [21]. 
The geometry of chip formation is shown in fig. 3.1. 
 
Fig. 3.1 The formation of chip geometry. 
hD - depth of cut = uncut chip thickness, 
hDC - chip thickness, 
γ0 - rake angle, 
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ϕ - shear angle, 
α0 - angle clearance [22]. 
Generally, the more shear angle ϕ, the thinner chips, and the process is much more 
energetically advantageous. This means that there is less load and impact on surface and 
subsurface layers of workpiece [19]. 
The form of the chips is an important index of machining because it directly or 
indirectly indicates:  
• nature and behaviour of the work material under machining condition, 
• specific energy requirement (amount of energy required to remove unit volume 
of work material) in machining work, 
• nature and degree of interaction at the chip-tool interfaces.  
The form of machined chips depends mainly upon:  
• work material,  
• material and geometry of the cutting tool,  
• levels of cutting velocity and feed and also to some extent on depth of cut,  
• machining environment or cutting fluid that affects temperature and friction at 
the chip-tool and work-tool interfaces [20].  
 
3.2. Types of chips and conditions for formation of those chips 
Different types of chips of various shape, size, colour etc. are produced by 
machining depending upon: 
• type of cut, i.e., continuous (turning, boring etc.) or intermittent cut (milling), 
• work material (brittle or ductile etc.), 
• cutting tool geometry (rake, cutting angles etc.), 
• levels of the cutting velocity and feed (low, medium or high), 
• cutting fluid (type of fluid and method of application) [20]. 
The basic major types of chips and the conditions generally under which such 
types of chips form are given below: 
1) Discontinuous type. Discontinuous chip formation normally occurs during the 
machining of brittle work material such as glass and silicon. This type of chips also 
occurs when machining using cutting tools with small rake angles, coarse machining 
feeds (large depth of cut), low cutting speeds and lack of lubricant or cutting fluid. 
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Discontinuous chip formation leads to continuously changing forces, resultant vibration 
and chattering in the machine tools and thus results in a final work piece with poor 
surface finish and loose tolerance [21]. 
• Discontinuous type of irregular size and shape: 
- work material – brittle like grey cast iron. 
• Discontinuous type of regular size and shape:  
- work material – ductile but hard and work hardenable, 
- feed – large, 
- tool rake – negative, 
- cutting fluid – absent or inadequate [20]. 
2) Continuous type. Continuous chip formation is normally considered to be the 
ideal condition for efficient cutting action as it gives excellent finish and occurs usually 
for ductile metals. The chip consists of a continuous “ribbon” of metal which flows up 
the chip-tool zone. It normally occurs at high cutting speed and rake angle, and a narrow 
shear zone. Use chip breakers during the machining to prevent the chips from 
entangling with the tool holder [21]. 
Continuous chips with built-up edge are basically the same as continuous chips. 
However, during the former chip formation, as the metal flows up the chip-tool zone, 
small particles of the metal begin to adhere or weld themselves to the edge of the cutting 
tool. As the particles continue to weld to the tool, it affects the cutting action of the tool. 
This type of chip formation is common in machining of softer non-ferrous metals and 
low carbon steels. Common problems are the built-up edges breaking off and being 
embedded in the work piece during machining, decrease in tool-life and final poor 
surface finish of the work piece [21]. 
• Without build-up edge:  
- work material – ductile, 
- cutting velocity – high, 
- feed – low, 
- rake angle – positive and large, 
- cutting fluid – both cooling and lubricating [20]. 
• With build-up edge: 
- work material – ductile, 
 FME BUT DIPLOMA WORK  Page  39 
 
- cutting velocity – medium, 
- feed – medium or large, 
- cutting fluid – inadequate or absent [20]. 
3) Jointed or segmented type. Segmented chips are formed during the machining 
of semi continuous material with zones of high and low shear strains. It normally occurs 
in metals where the strength decreases sharply with temperature. An example would be 
titanium [21].  
- work material – semi-ductile, 
- cutting velocity – low to medium, 
- feed – medium to large, 
- tool rake – negative, 
- cutting fluid – absent [20].  
Often in machining ductile metals at high speed, the chips are deliberately broken 
into small segments of regular size and shape by using chip breakers mainly for 
convenience and reduction of chip-tool contact length [20]. 
 
3.3. Chip compression ratio 
The degree of chip thickness is represented by chip compression ratio λ, which is 
defined as the ratio of chip thickness hDC to the uncut chip thickness hD. 
     λ = 
hDC
hD
               (3.3.1) 
The chip thickness hDC usually becomes larger than the uncut chip thickness hD. 
The reason can be attributed to: 
• compression of the chip ahead of the tool, 
• frictional resistance to chip flow, 
• lamellar sliding [20]. 
The larger value of λ the more thickening i.e., more effort in terms of forces or 
energy required to accomplish the machining work. Therefore it is always desirable to 
reduce hDC or λ without sacrificing productivity, i.e. metal removal rate [20]. 
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4. THE CONCEPT OF EXPERIMENT 
4.1. Workpiece 
The material of tested workpieces which were used during the experiment was 
austenitic stainless steel. The designation of steel according to DIN, AISI-SAE and CSN 
EN is following: DIN 1.4404, AISI 316L, ČSN 417349.  
This type of stainless steel belongs to low-carbon grade and non-magnetic 
stainless steel. Such material has very good corrosion resistance, weldability and 
toughness, but it is hard to machine due to its ductility, high strain hardening and low 
thermal conductivity. Chips produced are long wiry, and the material can easily work 
harden if not machined with correct feeds [23].  
The composition of the material is represented in the tab. 4.1. 
 Tab.4.1 The composition of stainless steel DIN 1.4404 [23].  
Element  Cr Ni Mo Mn Si N P S C 
[weight %] 17.31 11.21 2.11 1.4 0.39 0.052 0.027 0.026 0.016 
The dimensions and geometry of the specimen are described in the fig. 4.1. 
 
Fig. 4.1 The dimensions and geometry of the workpiece. 
The specimens used in experiment were rings with a pre-manufactured hole (i.e. 
pilot hole) [23]. 
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4.2. Equipment for reaming operation 
All reaming tests were carried out on five-axis computer numerical control 
machining centre Tajmac ZPS MCV 1210 (fig. 4.2). This CNC machining centre is 
equipped by control system Sinumerik 840D and autoload cartridge with 30 tools.  
 
Fig. 4.2 CNC machining centre Tajmac ZPS MCV 1210 [24]. 
The CNC machining centre was implemented by the clamping system HSK-A63 
with forcipate clamp, where the reaming head MT3 was mounted (fig. 4.3).  
 
Fig. 4.3 The clamping system HSK-A63 with forcipate clamp [9], [15]. 
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The machining of the tested worpieces was carried out by the reaming head MT3, 
which was patented by the firm HAM-FINAL (fig. 4.4).  
 
Fig. 4.4 The reaming head MT3 [9]. 
Reaming head MT3 has 3 teeth and 2 guides. The platform between two guides is 
used for controlling and measuring the tool diameter. Optimal teeth and guides 
positioning provides support for the teeth during the cutting and prevents vibration. The 
geometry of the reaming head provides accurate chip handling. The tranquil stroke of 
the tool has a positive effect on the machining, i.e. roundness, cylindricity and 
roughness of machined surface and also increases its durability. All these facts say 
about very good serviceability of reaming head. 
The reaming head is thermally clamped to the tool body. Thermal clamping 
provides reliable and accurate setting that is why it is not necessary to adjust the 
concentricity of reaming head. This brings the following benefits: quick, easy and 
accurate exchange of tool cutting part .The cutting fluid is supplied not only to 
individual teeth and guides, but to the whole circumference of the head. 
The tolerance of the hole machined by reaming head MT3 is IT5-IT6. The 
roughness of machined surface is Ra=0,4µm, this allows to eliminate the grinding 
operation, which is very expensive.   
The material of reaming head MT3, used in experiment, is CERMET. The coating 
material of the tool is the super nitride HYPERLOX.  
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To avoid the radial deformation of the workpieces they were mounted to a special 
precise fixture with a ground screw, which was acting on the workpieces top surface 
during the reaming operation (fig. 4.5).  
 
Fig. 4.5 The workpiece clamped into a special precise fixture [15]. 
 
4.3. Cutting fluid equipment 
Sufficient coolant should be supplied during the reaming operation. The Fuchs Oil 
emulsion ECOCOOL 68 CF2 was used as cutting fluid for reaming (fig. 4.6). The 
coolant was supplied under the pressure of 60 bars. The outer system of cooling was 
used. The concentration of cutting fluid was 5% (1:20, oil: water), the flood intensity 
was 50 l/min. The emulsion reservoir of 1,200 litres was arranged in overlying 
relationship to the machine bed. The temperature of the cooling fluid during the 
machining operations was changing in the range of 20-25°C. 
 
Fig. 4.6. The coolant supply. 
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4.4. Equipment for thrust and torque measuring 
During the reaming operations the measurements of cutting force and torque were 
taken off by 4-component dynamometer KISTLER 9272 (fig. 4.7). The dynamometer 
has a great rigidity and consequently a high natural frequency. Its high resolution 
enables the smallest dynamic changes in large forces and torques to be measured [25]. 
The fixture with mounted workpiece and ground screw was coaxially fixed to the 
dynamometer and the entire assembly then was placed into the machining centre. 
 
Fig. 4.7 The dynamometer KISTLER 9272 [26]. 
The dynamometer was connected with a charge amplifier 9011 and personal 
computer, where the Dynoware program for force and torque analyses of the sample 
loading was used. The connecting circuit is shown in the fig. 4.8. 
 
Fig. 4.8 The connecting circuit of measuring apparatus. 
The sampling rate 3kHz, low-pass filter and the long time constant were set for all 
data acquisition [15].   
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4.5. Equipment for surface roughness measuring 
The Taylor Hobson Form Talysurf PGI 400 profiler was used for the surface 
quality evaluation of reamed holes (fig. 4.9).  
  
Fig. 4.9 The Taylor Hobson Form Talysurf PGI 400 profiler. 
 
4.6. Equipment for chip evaluation 
After all reaming operations the chips were collected. All chips were examined 
and the measurements of chips thickness were taken off using the outside micrometer 
with reading scale of 0,01 mm and limit of effective range 25 mm (fig. 4.10).  
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5. THE CONCEPT OF EXPERIMENT 
5.1. Thrust and torque measurements 
Different cutting conditions were chosen for reaming operations in order to 
analyse the high productive reaming technology. Four different cutting speeds (40, 60, 
80, 100 m/min) and four different feeds (0.2, 0.4, 0.6, 0.8 mm) were used. Therefore 16 
holes were reamed under different cutting conditions. We can divide all specimens into 
four groups according to feed parameter. This means that in each group the feed is the 
same but the cutting speed is variable. Thus the first group includes first four specimens 
which were machined under the feed f=0.2 mm and cutting speeds vc=40, 60, 80, 
100 m/min. The second group consists of another four specimens machined under the 
feed f=0.4 and the same variety of cutting speeds. The third group of specimen was 
machined under the feed f=0.6 and the fourth one under f=0.8, the cutting speed in both 
groups was changed as previously (tab. 5.1). 
Tab. 5.1 The division of tested specimen on groups. 
№ specimen feed [mm] cutting speed [m/min] 
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The measurements of thrust force Ff and torque moment Mc for each specimen 
were taken off. All measured values were processed.  
The relations between thrust force and time of reaming operation and torque 
moment and time were found out. By example of the first specimen fig. 5.1 shows thrust 
force and torque moment instability with the course of reaming operation time. As 
graph shows the reaming operation can be divided into 5 phases where the changes in 
data can be observed. The graphs of other specimens with relations between thrust force 
and reaming time and torque moment and reaming time can be found in the appendix.  
 
Fig. 5.1 The relation of thrust force and torque moment and time of reaming operation. 
The reaming phase was analysed and the equations for thrust force and torque 
moment were quantified (fig. 5.2). As it is shown in the graph during the reaming all 
values of thrust force change periodically and oscillate about mean values. Mean values 
of thrust force vary monotonically and have the view of increasing linear function, 
described by equation Ff = 0,4029t + 43,128. The values of torque moment are similar 
to thrust force values. The difference is in amplitude and frequency of oscillation. The 
oscillation amplitude of moment torque values is much less than the oscillation 
amplitude of thrust force values, but the oscillation frequency is bigger. Mean values of 
moment torque increase monotonically in the linear function, described by equation 
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Fig. 5.2 Thrust force and torque moment variations during the reaming phase. 
Enlarging the image the regularly oscillations of thrust force can be seen (fig. 5.3). 
The oscillations of torque moment have variable character. The oscillation amplitude of 
moment torque values is dozen times less than the oscillation amplitude of thrust force 
values. It is noticeable that during one period of time thrust force increases in a 
discontinuous manner by three characteristic points. Supposedly this is because of the 
reamer configuration, MT3 has three teeth. The oscillation frequency of torque moment 
is twice more than the oscillation frequency of thrust force. 
 
Fig. 5.3 Thrust force and torque moment oscillations. 
Ff = 0.4209t + 43.128
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All four groups of specimens were analysed in this way. During the machining at 
low cutting parameters (f=0.2mm, vc=40m/min) the reaming process is stable, with 
increasing feed and cutting speed sudden changes in values of thrust force and torque 
moment are observed. According to graphs (appendix) the following resolution about 
oscillations can be done: the higher cutting speed the lower oscillation amplitude of 
thrust force and torque moment, but the higher their oscillation frequency.  
The average values and standard deviations of thrust force and torque moment 
were found. All values are listed in the tab. 5.2.  
Tab. 5.2 The average values and standard deviation of thrust force and torque moment. 
№ 
speciemen 
average value µ deviation σ 
thrust force torque moment thrust force torque moment 
1 46.081289 1.685080 4.729457 0.1059428 
2 42.233546 1.616952 4.228554 0.1506445 
3 39.807515 1.627379 3.710336 0.2041462 
4 40.055614 1.632033 3.189747 0.2730815 
5 73.649843 3.315256 5.296256 0.4780448 
6 66.175552 3.16345 5.36621 0.3195145 
7 62.994084 3.079248 4.842913 0.272252 
8 62.191077 3.020413 4.826218 0.3641849 
9 87.022637 4.406057 8.86813 0.4360178 
10 79.906803 4.275805 7.126822 0.4338907 
11 75.824277 4.065603 5.921208 0.4383795 
12 71.936275 3.958163 4.798132 0.3931093 
13 104.69827 6.129197 10.62121 0.5317557 
14 96.513411 5.686275 9.875713 0.563872 
15 87.689577 5.379364 4.876983 0.2519986 
16 80.430325 5.230233 3.679717 0.2988267 
For better understanding how thrust force and torque moment depends on cutting 
speed and feed these values of thrust force and torque moment were analysed 
separately.  
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The relation between thrust force and cutting speed is represented by the fig. 5.4- 
fig. 5.7, where the maximum, minimum and average values of thrust force for every 
specimen in four groups are shown. 
 
Fig. 5.4 The relation between thrust force and cutting speed of specimens machined at f=0.2. 
 
 

















   
[N
]























   
[N
]




 FME BUT DIPLOMA WORK  Page  51 
 
 
Fig. 5.6 The relation between thrust force and cutting speed of specimens machined at f=0.6. 
 
 
Fig. 5.7 The relation between thrust force and cutting speed of specimens machined at f=0.8. 
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Fig. 5.8 The relation between average values of thrust force and feed.
 
Thus it is obvious that on the one hand with the increasing of cutting speed thrust 
force reduces and on the other hand with the increasing of feed thrust force increases as 
well. 
Surface plot of thrust force versus cutting speed and feed is shown in fig. 5.9. 
 
Fig. 5.9 Surface plot of thrust force versus cutting speed and feed.  
 
Ff (40) = -2.4716f
2 + 31.28f + 18.199
Ff (60) = -1.8338f
2 + 26.826f + 17.895
Ff (80) = -2.8303f
2 + 29.799f + 13.308
Ff (100) = -3.4175f
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The values of torque moment were analysed in the same way and their graphs can 
be seen in fig. 5.10 - 5.13.  
 
Fig. 5.10 The relation between torque moment and cutting speed of specimens machined at f=0.2. 
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Fig. 5.12 The relation between torque moment and cutting speed of specimens machined at f=0.6. 
 
Fig. 5.13 The relation between torque moment and cutting speed of specimens machined at f=0.8. 
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Fig. 5.14 The relation between average values of torque moment and feed. 
Thus the same realation as in case of thrust force was found: with the increasing 
of feed torque moment increases but with the increasing of cutting speed torque moment 
reduces. 
Surface plot of torque moment versus cutting speed and feed is shown in fig. 5.15. 
 
Fig. 5.15 Surface plot of torque moment versus cutting speed and feed. 
Mc (40) = 0.0232f
2 + 1.3261f + 0.3943
Mc (60) = -0.034f
2 + 1.5021f + 0.1855
Mc (80) = -0.0345f
2 + 1.3969f + 0.3047
Mc (100) = -0.0291f
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The time of reaming operation depends on cutting speed and feed. The relation 
between reaming time and cutting speed are shown in the fig. 5.16, where the values of 






Fig. 5.16 The relation between reaming time and cutting speed of specimens machined at feed 
a) f= 0.2mm; b) f= 0.4mm; c) f= 0.6mm; d) f= 0.8mm.  
It can be seen in graphs that with the increasing of cutting speed the time needed 
for reaming operation decreases and the same can be said about the feed per revolution.  
Comparing four graths it is noticable that with the increasing of feed per revolution the 
general time needed for reaming operation decreases.   
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Fig. 5.17 The relation between reaming time and feed. 
The graph shows as well that during the reaming with the increasing of cutting 
speed the time of reaming operation decreases. Also the graphs shows that the hole 




2 - 4.3359f + 9.2702
t(60) = 0.3707f
2 - 2.7522f + 6.0255
t(80) = 0.2824f
2 - 2.0995f + 4.5776
t(100) = 0.2291f
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5.2. Roughness measurements 
Three measurements for each specimen were taken off to evaluate surface 
roughness of reamed holes (fig. 5.18). After that the averages values were calculated. 
 
Fig. 5.18 The measuring technique for surface roughness. 
All measured values of surface roughness are included in tab. 5.3. 
Tab. 5.3. Surface roughness parameters. 
№  specimen Surface roughness Average value of roughness 
1 0.3787 0.3565 0.3652 0.3668 
2 0.5735 0.5876 0.6928 0.6180 
3 0.6930 0.6868 0.6892 0.6897 
4 0.8416 0.8484 0.7509 0.8136 
5 0.4521 0.4434 0.4517 0.4491 
6 0.6029 0.5770 0.6083 0.5961 
7 0.6573 0.7126 0.7328 0.7009 
8 0.6919 0.6930 0.6914 0.6921 
9 0.4621 0.4866 0.4713 0.4733 
10 0.5557 0.5858 0.5988 0.5801 
11 0.6245 0.6735 0.7153 0.6711 
12 0.5482 0.4926 0.5818 0.5409 
13 0.5282 0.5384 0.5136 0.5267 
14 0.4929 0.5229 0.5145 0.5101 
15 0.4139 0.5884 0.4932 0.4985 
16 0.4504 0.5559 0.4111 0.4725 
The relations between surface roughness and cutting speed and roughness and 
feed were found out (fig. 5.19, fig. 5.20). 
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Fig. 5.19 The relation between roughness and cutting speed.  
 
Fig. 5.20 The relation between roughness and feed. 
As it is shown in the graphs the relation between roughness and cutting speed is 
not stable. It can be seen that at low feed (0.2 mm) the higher cutting speed the worse 
roughness of the surface. And vice versa at high feed (0.8 mm) the higher cutting speed 
the better roughness of the surface. It is noticeable that at low feed per revolution with 
the increasing of cutting speed the surface roughness is getting worse impetuous and at 
high feed per revolution with the increasing of cutting speed the surface roughness is 
getting better monotonous.  
Ra (0.2) = -8E-05vc
2 + 0.0182vc - 0.2221
Ra (0.4) = -1E-04vc
2 + 0.0178vc - 0.1108
Ra (0.6) = -1E-04vc
2 + 0.0222vc - 0.1882
Ra (0.8) = -6E-06vc

























Ra (40) = -0.0072vc
2 + 0.0865vc + 0.2919
Ra (60) = -0.012vc
2 + 0.0262vc + 0.6008
Ra (80) = -0.046vc
2 + 0.1695vc + 0.5611
Ra (100) = 0.0133vc
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5.3. Evaluation of chip 
The cutting parameters influence chip formation. Cutting parameters include tool 
materials, tool angles, edge geometries (which change due to wear), cutting speed, feed, 
depth of cut, and the cutting environment (machine tool deflections, cutting fluids). The 
fig. 5.21, where the chips of all reaming operations are shown proves this. 
 
Fig. 5.21 The type of chip versus cutting speed and feed. 
It is shown in the picture that with the increasing of cutting speed and feed the 
segmented chips are formed. 
The chip thickness of all specimens was measured. Each chip was measured five 
times. After that the average values were found.  
Using formula (3.3.1) it is possible to calculate chip compression ratio. For this 
calculation it is needed to know the depth of cut or uncut chip thickness hD. Using 
formula (1.7.4) the value of uncut chip thickness hD can be found. 
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1 0.19 0.20 0.18 0.19 0.19 0.19 0,067 0.0335 5.67 
2 0.17 0.16 0.18 0.17 0.16 0.168 0,067 0.0335 5.01 
3 0.17 0.16 0.16 0.16 0.17 0.164 0,067 0.0335 4.90 
4 0.16 0.16 0.15 0.15 0.16 0.156 0,067 0.0335 4.66 
5 0.21 0.21 0.22 0.23 0.22 0.218 0.133 0.0665 3.28 
6 0.20 0.21 0.21 0.20 0.22 0.208 0.133 0.0665 3.13 
7 0.19 0.19 0.20 0.19 0.20 0.194 0.133 0.0665 2.92 
8 0.18 0.19 0.20 0.19 0.18 0.188 0.133 0.0665 2.83 
9 0.29 0.30 0.29 0.27 0.30 0.29 0.2 0.1 2.90 
10 0.25 0.25 0.27 0.27 0.27 0.262 0.2 0.1 2.62 
11 0.26 0.27 0.25 0.27 0.25 0.26 0.2 0.1 2.60 
12 0.26 0.25 0.24 0.25 0.24 0.248 0.2 0.1 2.48 
13 0.39 0.36 0.31 0.33 0.33 0.344 0.267 0.1335 2.58 
14 0.30 0.33 0.36 0.36 0.31 0.332 0.267 0.1335 2.49 
15 0.31 0.32 0.32 0.32 0.32 0.318 0.267 0.1335 2.38 
16 0.34 0.32 0.27 0.3 0.33 0.312 0.267 0.1335 2.34 
After calculating chip compression ratio the relations between this coefficient and 
cutting speed and feed were found (fig. 5.22, fig. 5.23). 
 
Fig. 5.22 The relations between chip reduction coefficient and cutting speed. 
 
λ(0.2) = 0.1045vc
2 - 0.8388vc + 6.3731
λ(0.4) = 0.015vc
2 - 0.2316vc + 3.5038
λ(0.6) = 0.04vc
2 - 0.328vc + 3.17
λ(0.8) = 0.0112vc
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The graph shows that the value of chip compression ratio decreases with the 
increasing of cutting speed. This means that the higher cutting speed the less the 
difference in values of uncut chip thickness hD and chip thickness hDC.  
 
 
Fig. 5.23 The relations between chip reduction coefficient and feed. 
The graph shows that the value of chip compression ratio decreases with the 
increasing of feed. This means that the depth of cut in reaming operation increases with 





2 - 3.5541vc + 8.6101
λ(60) = 0.4385vc
2 - 3.0017vc + 7.5279
λ(80) = 0.4401vc
2 - 2.9861vc + 7.3635
λ(100) = 0.4217vc
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6. DISCUSSION 
The carried tests included the reaming of 16 specimens under different cutting 
data: 4 different cutting speeds (40, 60, 80, 100 m/min) and 4 different feeds (0.2, 0.4, 
0.6, 0.8 mm). The comparison of every individual reaming operations shows that with 
the increasing of cutting speed, thrust force and torque moment reduce. This phenomena 
can be explaned by tendency of the material to a pliable state with increasing of cutting 
speed. Thus less force needs to be applied to machine the material. Torque moment 
variates directly from the cutting force. The results also show that with increasing of the 
feed thrust force and torque moment increases. This can be caused by the enlarging of 
shear area that means enlarging the depth of cut thus more force has to be applied to 
machine the material and consequently the torque moment increases as well.  
The instability of surface rughness measurements can be caused by the growth of 
macroscopic slips and microirregularities on the machined surface with the increasing 
of feed per revolution. 
The type of chip formed during the experiment can be explained by the following 
fact. The more chip compression ratio the more degree of chip deformation that means 
the metal resistance is less hence the material is better to machine. 
The best surface roughness (Ra=0.37 µm) is achieved at cutting parameters 
vc=40 m/min, f=0.2 mm. At the same cutting parameters the value of thrust force was 
the minimal Ff=46 N. Moreover these values changed in a stable manner explaining 
the stability of machining process. Also the chip compression ratio has the maximum 
value λ=5.67. But the reaming operation took the largest amount of time t=5.6 s.  
In question of machining time it is possible to compare the reamer head MT3 with 
other reamers. Pavel Muller in his work “Minimum quantity lubrication in 
reaming” [27] carried out the tests with the same type of steel by HSS reamer. At the 
feed f=0.2 mm and cutting speed vc=5m/min the best achieved surface roughness was 
Ra=0.6 µm, the time of reaming operation lasted t=18 s and thrust force was Ff =180 N.  
Thus it is possible to say that the optimum cutting parameters for reaming the 
austenitic stainless steel DIN 1.4404 by cermet reamer head MT3 is vc=40 m/min, 
f=0.2 mm. For the future development of this work it is necessary to examine the 
relation between durability of the reamer head and its tendency to wear with the change 
of cutting parameters.  
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7. CONCLUSION 
This master thesis has been dealing with the analysis of high productive reaming 
technology. In this project the reaming tests were carried out at different cutting 
parameters (vc=40, 60, 80, 100 m/min; f=0.2, 0.4, 0.6, 0.8 mm) on austenitic stainless 
steel DIN 1.4404, using cermet reamer head MT3. The results of comparing the 
individual reaming operations with respect to thrust force, torque moment, surface 
roughness and type of chip formation show the following. 
• During the reaming phase the values of thrust force and torque moment change 
periodically and oscillate about mean values.  
• During the machining at low cutting parameters (f=0,2mm, vc=40m/min) the 
reaming process has a stable character, with the increasing of feed and cutting speed 
sharp changes in values of thrust force and torque moment are observed.  
• With increasing of cutting speed thrust force and torque moment reduces. The 
maximum reduction of average values from 105 N to 80 N and from 6.1 Nm to 5.2 Nm 
is observed at f=0.8 mm. With the increasing of feed thrust force and torque moment 
increases. The maximum growth of average values from 46 N to 105 N and from 
1.7 Nm to 6.1 Nm is observed at vc=40 m/min. 
• With the increasing of cutting speed and feed the reaming time decreases from 
t=5.6 s at vc=40 m/min, f=0.2 mm to t=0.5 s at vc=100 m/min, f=0.8 mm.    
• The best quality of surface roughness (Ra=0.37 µm) was achieved at low 
cutting speed (40 m/min) and low feed per revolution (0.2 mm). But the relation 
between roughness and cutting parameters is not stable. At low feed (0.2 mm) the 
higher cutting speed the worse surface roughness, it changed from 0.37 µm till 0.81 µm. 
At high feed (0.8 mm) the higher cutting speed the better surface roughness it changed 
from 0.53 µm till 0.47 µm.  
• The segmented chips were formed at high cutting speed (100 m/min) and high 
feed (0.8 mm). The value of chip compression ratio decreases with the increasing of 
cutting speed and feed per revolution from λ=5.67 till λ=2.34.  
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HSS  high speed steel 
F [N] total force 
EP  extreme pressure 
IT  
ISO 
 international tolerance 
International Standardization Organization 
SC  solid carbide 
CT  carbide-tipped 
CNC  computer numerical control 
ap [mm] cutting depth 
vc [m/min] cutting speed 
f [mm] feed per rotation 
n [min-1]  tool's rotational speed 
Ff1 [N] feed force 
Fc1 [N] cutting force 
Fp1 [N] passive force 
d1 [mm] reamer diameter 
d2 [mm] diameter of hole before reaming 
b [mm] capture width 
h [mm] chip thickness 
fz [mm] chip load 
θ [˚] plan angle 
kc [N/mm2] specific cutting force 
Mc [N/m] torque moment 
ra [mm] average radius 
Ac [mm2] cross-section of the chip removed 
hD [mm] uncut chip thickness 
hDC [mm] chip thickness 
γ0 [˚] rake angle 
ϕ [˚] shear angle 
α0 [˚] angle clearance 

























































Ff = 0.584t + 38.475














































































































































Ff = 1.2528t + 33.926














































































































































Ff = 0.7968t + 35.99























































































































































Ff = 2.2552t + 64.046































































































































































Ff= 4.8764t + 47.009
































































































































































Ff = 6.5945t + 41.064





























































































































































Ff = 9.2166t + 30.174

































































































































































Ff= 7.3444t + 60.255























































































































































Ff = 8.0659t + 39.08





















































































































































Ff = 8.229t + 35.173



































































































































































Ff = 11.565t + 20.045











































































































































































Ff = 9.7078t + 56.046





































































































































































Ff = 6.2256t + 64.846



























































































































































Ff= 2.808t + 75.451





















































































































































Ff = 0.3656t + 78.84
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